ABSTRACT It has been clearly demonstrated that DNA methyltransferase inhibition can induce embryonic stem cells to differentiate into cells of specific tissues by altering the genes expression. Chicken embryonic fibroblasts (CEFs) are mesenchymal stem cell (MSC)-like multipotent progenitor cells and can both self-renew and undergo differentiation. In this study, we hypothesize that DNA demethylation may lead to cell differentiation and the re-expression of developmentrelated genes in chicken embryo fibroblasts. Thus, we investigated which development-related genes are affected when CEFs are treated with DNA methyltransferase inhibitor 5-Aza-2 -deoxycytidine (5-Aza-dC) and how those genes are affected. In this study, we analyzed the expression profiles of genes by RNA sequencing of CEFs treated with 5-Aza-dC. A total of 40 differentially expressed genes (DEGs) (>2-fold change) related to chicken development were identified. Co-expression cluster analysis revealed that these genes are mainly related to development of bone, feather follicle, epidermis, and blood vessels. Moreover, the molecular interaction network analysis showed that canonical Wnt signaling tended to play a central role in development associated with these genes. These findings will help us to understand the molecular regulatory mechanisms of development.
INTRODUCTION
DNA methylation is an epigenetic modification that plays crucial roles in diverse genetic events, including the gene expression, chromatin modification, genome imprinting, and gene silencing (Namihira et al., 2004; Eslaminejad et al., 2013) . In general, DNA methylation is stably maintained in somatic cells, and it has profound effects on genome stability (Jaenisch and Bird, 2003) and mammalian development (Smith and Meissner, 2013) . Abnormalities in regulating DNA methylation can result in cell reprogramming, which has been observed in specific developmental stages such as preimplantation embryos and developing primordial germ cells (Sasaki and Matsui, 2008; Saitou et al., 2012) . In eukaryotes, DNA methylation is catalyzed by DNA methyltransferases, and the DNA methyltransferase in-hibitor 5-Aza-2 -deoxycytidine (5-Aza-dC) can reverse the DNA methylation of promoter CpG islands and induce re-expression of silenced genes (Lund et al., 2014) .
Recent studies indicate that development in early embryos is regulated by DNA methylation and demethylation (Wu and Zhang, 2014; Huan et al., 2015) . DNA methylation is also associated with differentiation from mesenchymal stem cells into specific tissues by altering the genes expression, and DNA demethylation can cause re-expression of development-related genes (Yan et al., 2014) . It has been shown that the inhibition of DNA methyltransferase can induce mouse embryonic stem cells differentiation into endothelial cells (Banerjee and Bacanamwo, 2010) . Chicken embryonic fibroblasts (CEFs) are derived from mesenchymal stem cells during the early embryo period and can both self-renew and undergo differentiation (Rastegar et al., 2010; Dastagir et al., 2014) . In this study, we hypothesized that DNA demethylation may cause the re-expression of development-related genes, thereby affecting cell differentiation in CEFs. Thus, we investigated which development-related genes were affected upon the reversal of DNA methylation in CEFs by 5-Aza-dC and how those genes were affected.
In this study, we examined the expression of development-related genes in 5-Aza-dC-treated CEFs using high-throughput RNA sequencing analysis. Differentially expressed genes (DEGs) related to the chicken development were identified based on showing a change of at least a 2-fold change and a P-value of 0.05 or lower. By analysing interaction networks based on the biological functions of those DEGs, we identified some genes and signaling transduction pathways associated with the development in response to DNA demethylation induced by the drug 5-Aza-dC in chicken embryo fibroblasts.
MATERIALS AND METHODS

Cell Culture and 5-Aza-dC Treatment
Primary CEFs were isolated from 10-day-old specificpathogen-free (SPF) chicken embryos (Merial Vital Laboratory Animal Technology CO., Ltd., Beijing, China). Primary mouse embryo fibroblast cells (MEFs) were isolated from 15-day-old mouse embryos (Institute of Comparative Medicine of Yangzhou University). The CEFs and MEFs were grown in Dulbecco's Modified Eagle's medium (DMEM; Life Technologies/GIBCO, Waltham, USA) with 10% fetal bovine serum (FBS; Life Technologies/GIBCO, Waltham, USA) and 1% penicillin/streptomycin (Life Technologies/GIBCO, Waltham, USA) in 6-well plates and were maintained at 37
• C in a humidified 5% CO 2 incubator. When primary CEFs and MEFs reached approximately 80 to 90% confluence, 5-Aza-dC (Sigma; Saint Louis, USA) was added to the culture medium at 0.5 μM for 96 hours. The dose of 5-Aza-dC was chosen based on previous studies by our group and others (Chiappinelli et al., 2015; Roulois et al., 2015) . Vehicle-only treatment (+ dimethyl sulphoxide, DMSO) (MPBIO) was applied as a control. The animal protocol was approved by the Committee on the Ethics of Animal Experiments of Yangzhou University (License Number: 06R015).
Total RNA Extraction and cDNA Preparation
Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA) was used according to the manufacturer's instructions to extract total cellular RNA from the CEFs and MEFs treated with 5-Aza-dC or DMSO. Then, 1 μg of total RNA was treated with gDNA Eraser (Takara, Da Lian, China) and reverse-transcribed in a final volume of 20 μL using a Prime-Script RT Reagent Kit (Takara, Da Lian, China) at 37
• C for 15 minutes and at 85
• C for 5 seconds. And the cDNA was stored in −80
• C.
High-throughput RNA Sequencing
Total RNA (2 μg) was extracted using Trizol (Life Technologies, Carlsbad, CA) following the manufacturer's instructions, and RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, USA). RNA sequencing was performed by Novogene Bioinformation Technology Co., Ltd. (Beijing, China). Raw data (raw reads) in the fastq format were first processed through in-house Perl scripts and then mapped to the chicken reference genome (Gallusgallus-4.0). The mapped reads of each sample were assembled using both Scripture (beta 2) and Cufflinks (v2.1.1). Cuffdiff (v2.1.1) was used to calculate fragments per kilobase of exon per million reads mapped (FPKMs) of genes in each sample. Gene FPKMs were computed by summing the FPKMs of transcripts in each gene group. The transcripts or genes with a P < 0.05 were designated as differentially expressed. Each sample was analysed in triplicate.
Reverse Transcription Quantitative PCR (RT-qPCR)
Expression levels of DEGs were validated by reverse transcription quantitative PCR (RT-qPCR) using SYBR Green Master Mix (Takara, Japan) on a CFX96 real-time PCR detection system (Bio-Rad). All gene primers are shown in Table 1 and were synthesized by Invitrogen (Shanghai, China). The amplification conditions were as follows: 95
• C for 30 s, followed by 40 cycles of 95
• C for 5 s, and 60
• C for 34 s. Gene expression was normalized to Gapdh and β-actin, and the data for relative gene expression were analysed by the 2 −ΔΔCT method (Livak and Schmittgen, 2001 ).
Bioinformatics Analysis
Gene Ontology (GO) enrichment analysis was performed using GOEAST (Gene Ontology Enrichment Analysis Software Toolkit; http://omicslab. genetics.ac.cn/GOEAST/index.php) and a Web-based software tool kit was used for GO enrichment analysis. Functional annotation and clustering of differentially expressed genes were performed using DAVID (the Database for Annotation, Visualization and Integrated Discovery; https://david.ncifcrf.gov/) (Huang da et al., 2009). The molecular networks among 40 differentially expressed genes were analysed using STRING (Search Tool for the Retrieval of Interacting Genes/Proteins; http://string-db.org) (Szklarczyk et al., 2015) .
Statistical Analyses
Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS, version 19.0, New York, USA). The statistical significance of differences was evaluated using Student t test. Statistical significance was defined as the combination of P ≤ 0.05 and ≥2-fold difference in expression levels. The standard error was calculated using the fold change values of three replicates for each gene that was measured. 
RESULTS AND DISCUSSION
Transcriptome Alteration By 5-Aza-dC Treatment
To determine which development-related genes and signaling pathways were altered by 5-Aza-dC treatment in CEFs, gene expression profiles were analyzed by the RNA-Seq and the genome-wide expression data were analyzed using GOEAST to determine GO enrichment. We identified that DEGs related to the chicken development with at least a 2-fold change and a P-value of 0.05 or lower. We obtained a total of 40 DEGs related to chicken development, and these genes are listed in Supplemental Table 1 . These genes are mainly involved in the development of feather follicle, bone, and epidermis. We found that most of the 40 DEGs are related to the Wnt signaling pathway ( Figure 1A ). Based on gene interaction network analysis for 40 DEGs using the STRING database, which presents the molecular connections among interacting genes based on biological function, we found that the Wnt signaling pathway tends to play a central role among the interacting genes ( Figure 1B) .
To validate the results of the expression of development-related genes from RNA-Seq, RT-qPCR was performed on seven selected genes (Eys, Lect2, Mmp7, Fzd10, Krt6a, Fgfbp1, and Sox2) . Fold change was calculated using the 2 −ΔΔCT method and using expression values that were normalized to the expression of both chicken Gapdh and β-actin. We found that the RT-qPCR results were consistent with the results of the RNA-Seq (Figure 2A) . The Pearson correlation coefficient for the RT-qPCR and RNA-Seq results (r = 0.861, P = 0.013) (Table 2) indicated that the RNA-Seq results were reliable.
The differential expression of several developmentrelated genes (Lect2, Mmp7, Fzd10, Krt6a, Fgfbp1, and Sfrp4) were also observed in the 5-Aza-dC treatment MEFs. From the figure 2C , we found that Fgfbp1 and Mmp7 were significantly upregulated, whereas the Fzd10 was significantly downregulated in the MEFs after 5-Aza-dC Treatment. Especially, Krt6a expression was induced in 5-Aza-dC treatment MEFs but no expression in the control group (data not shown). However, no significant difference was found in the expression levels of Lect2 and Sfrp4. One possible explanation is that phenotypic expression is influenced in the different cell types. In short, our finding indicates that the mouse development-related genes could be reactivated, and the differentiation of MEFs could be induced by 5-Aza-dC treatment. The 10 Most Upregulated Development-Related Genes after 5-Aza-dC Treatment
The 10 most upregulated development-related genes (Table 3) are mainly involved in bone development, feather follicle development, eye development, and Wnt signaling. Among these genes, the upregulation of the Wnt10a gene not only can activate the canonical Wnt signaling pathway but also it is closely associated with epidermis development (Garriock et al., 2007) and chick limb development (Narita et al., 2005) . Furthermore, the Mmp7 gene is involved in Wnt signaling and is commonly expressed in epithelial cells including ductal epithelium of exocrine glands in skin, salivary glands, and pancreas (Yokoyama et al., 2008) , and its biological function in epidermal development is similar to those of Lamc2 and Cldn3 (Troy et al., 2007; Kinumatsu et al., 2009 ). In addition, previous studies have shown that both Mmp7 and Fgfbp1 play a key roles in increasing angiogenesis during the healing of skin wounds (Lee et al., 2010) . Further, Fgfbp1 also participates in embryonic development (Tassi et al., 2011) . Pappa2 and Lect2 are known to have a similar function in osteoblasts development in mouse (Okumura et al., 2008; Amiri and Christians, 2015; Yang et al., 2016) , but their functions in chicken are unknown. The human Eys gene is mainly expressed in the retina and encodes a homologue of the Drosophila eye spacemaker protein, which is essential for the development and morphology of photoreceptors (Di et al., 2016) . In mice, the genes Col17a1 and Krt6a are closely associated with hair follicle development (Gu and Coulombe, 2007; Matsumura et al., 2016) , and their reactivation may induce hair cell regeneration. We infer that chicken Col17a1 and Krt6a genes might be associated with feather follicle development, or involved in growing feather regeneration. Based on the above results, we suggest that differentiation of embryonic fibroblasts may be induced by DNA methyltransferase inhibitor.
Canonical Wnt Signaling was Reactivated By 5-Aza-dC
The Wnt signaling pathway plays essential roles in the development of vertebrates and invertebrates and is involved in cell fate, differentiation, proliferation, and patterning (Jacques et al., 2014; Zhang et al., 2015) . In the canonical Wnt signaling pathway, which is important in development, Wnt ligands bind to Frizzled (Fz) receptors, thereby initiating a cascade and resulting in the translocation of β-catenin to the nucleus, where it interacts with members of the T-cell factor (TCF)/lymphoid enhancer factor (LEF) family of transcription factors to activate the expression of target genes such as C-myc and Mmp7 (Agathocleous et al., 2009) . Thus, the Wnt signaling is activated via the binding of Wnt to Fz and its co-receptor. In the present study, we found an obvious increase in Wnt pathway activity, including increased expression of Wnt ligand genes (Wnt10a, Wnt4, and Wnt5b) and the Wnt target genes Mmp7 and Mmp10 (Supplemental Table 1 ). Moreover, previous studies have suggested that the Wnt signaling pathway is closely associated with bone development , eye development (Fokina and Frolova, 2006) and limb development (Sensiate et al., 2014) . Based on the gene interaction network ( Figure 1B) , we found that the Wnt signaling pathway tended to play a central role in the re-expression of development-related genes induced by 5-Aza-dC.
Downregulation of the Pluripotency Marker Gene Sox2 in Response to 5-Aza-dC Treatment
Sox2 is known to play an important role in inducing pluripotent stem cells from adult fibroblasts (Takahashi and Yamanaka, 2006; Meissner et al., 2007) . The Sox2 gene is highly expressed in inducing pluripotent stem cells and progenitor cells. Inducing differentiation of these cells gave rise to downregulation of the Sox2 gene. In the present study, we found that 5-Aza-dC treatment significantly downregulated expression of the Sox2 gene in CEF cells ( Figure 2B ). Previous studies have suggested that 5-Aza-dC treatment can induce differentiation of mouse tissue stem cells (Nakatsuka et al., 2010) . However, it is not clear whether the differentiation of MEFs which are MSC-like cells can be induced by 5-Aza-dC treatment. Therefore, we performed a RTqPCR experiment to test in MEFs. Consequently, we found, similar to that of in CEFs, that 5-Aza-dC treatment not only induced development genes reactivation, but also downregulated the expression of pluripotency marker gene Sox2 (Figure 2C and D) . Our finding indicates that both CEFs and MEFs have differentiation potency very similar to that of progenitor cells treated with the DNA methyltransferase inhibitor 5-Aza-dC. Therefore, our data provide strong support for the hypothesis that DNA demethylation may cause cell differentiation and reactivation of development-associated genes reactivation in chicken embryo fibroblasts. Moreover, Sox2 downregulation in CEFs may cause a striking increase in Wnt pathway activity, which is consistent with a recent study showing that Sox2 antagonizes canonical Wnt signaling, which can in turn reduce Sox2 expression (Basu-Roy et al., 2012; Zhou et al., 2016) . Although transcriptional regulation of Sox2 has been widely studied, the mechanisms for its degradation remain unclear. A recent study shows ubiquitinconjugating enzymes E2S(Ube2s) as a novel effector for Sox2 protein degradation (Wang et al., 2016) . Another possible mechanism is that "junk DNA" derived lncRNA may act as a regulator to suppress Sox2 expression, which is supported by a latest report (Aires et al., 2016) .
In conclusion, DNA demethylation by the DNA methyltransferase inhibitor 5-Aza-dC can affect cell differentiation and development processes that may be regulated by canonical Wnt signaling in chicken embryo fibroblasts.
